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Calculations of current densities and aromatic path-
ways in cyclic porphyrin and isoporphyrin arrays†
Yannick J. Franzke,a,b Dage Sundholm*a and Florian Weigendb,c
Magnetically induced current density susceptibilities have been studied for a number of cyclic
ethyne- and butadiyne-bridged porphyrin and isoporphyrin arrays. The current density suscep-
tibilities have been calculated using the gauge-including magnetically induced current (GIMIC)
method, which is interfaced to the TURBOMOLE quantum chemistry code. Aromatic properties
and current pathways have been analyzed and discussed by numerical integration of the current
density susceptibilities passing selected chemical bonds yielding current strength susceptibilities.
Despite the interrupted pi-framework, zinc(II) isoporphyrin sustains a ring current of ca. 10 nA/T.
Porphyrin and isoporphyrin dimers sustain a significant current strength at the linker, whereas the
larger porphyrinoid arrays sustain mainly local ring currents. Isoporphyrin dimers with saturated
meso carbons have strong net diatropic ring-current strengths of 20 nA/T fulfilling Hückels aro-
maticity rule. Porphyrin trimers and tetramers exhibit almost no current strength at the linker. The
porphyrin moieties maintain their strong net diatropic ring current.
1 Introduction
Porphyrin and porphyrinoids form the basis of many important
biochemical compounds. The most prominent example might be
the green color pigment chlorophyll in plants. Porphyrin shows
a versatile chemistry due to its aromaticity and rich coordina-
tion chemistry, which has resulted in numerous applications such
as nonlinear optical materials, near-infra-red dyes, photovoltaic
dyes and their use in photomedical and biomedical applications in
cancer treatment.1–12 Conjugated multiporphyrins allowing for
fine-tuning of electronic, optical and magnetic properties have
been recently reviewed.13 Cyclic multiporphyrin arrays can be
prepared via metal-catalyzed cross-coupling reactions.14–17
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Free-base isoporphyrin is a tautomeric form of free-base por-
phyrin. Compared to porphyrin, little is known about the chemi-
cal and physical properties of isoporphyrin. In isoporphyrin, one
hydrogen of the NH groups is formally moved to a meso-carbon
atom. Free-base isoporphyrin shows a tendency to undergo back
tautomerization to porphyrin re-establishing the strong aromatic
system. The first metalloisoporpyrin was synthesized by Dolphin
et al. nearly 50 years ago.18 The structure of the prepared zinc(II)
tetraarylisoporphyrin was examined by NMR spectroscopy. The
β protons of the isoporphyrin ring exhibit an upshift of about 2
ppm. An analogous behavior has been observed for zinc phlo-
rins,19 which was explained by the lack of a ring current due to
the saturated meso-carbon atom.18,19 Crystallographic, electro-
chemical and spectroscopic characterizations of zinc(II) isopor-
phyrin salts prepared as chromophores have been done by Fajer
et al.20–22 As expected, the interrupted pi-system causes the bond
lengths to alternate. Nowadays, isoporphyrin is proposed to be
an intermediate in heme oxygenase catalysis.23,24 Various syn-
thetic routes have been developed during the last 15 years.25–30
Current trends and potential applications as photosensitizers in
biomedical research and near infra-red dyes have been reviewed
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lately.31
The aim of this work is to provide insight into current and
electron delocalization pathways in cyclic ethyne- and butadiyne-
bridged multiporphyrin and isoporphyrin arrays. In addition to
the porphyrin rings, the porphyrinoid arrays feature an inner ring
established by the sp-hybridized linkers. To the best of our knowl-
edge, such isoporphyrin oligomers have not yet been prepared.
Two different linkers have been chosen in order to vary the num-
ber of electrons for assessing whether Hückel’s aromaticity rule is
fullfilled.32–35 Electron delocalization cannot be easily observed
experimentally. Thus, computational studies are needed for pro-
viding a deeper insight and may be helpful in the design of new
porphyrin-based materials. Accurate magnetically induced cur-
rent density susceptibilities and current strength susceptibilities
are obtained by using the gauge-including magnetically induced
current (GIMIC) method.36–39 GIMIC has proven to be a useful
tool for assigning the aromaticity of porphyrinoids.40–49 Reliable
current pathways can be obtained in multiring systems, for which
other approaches may fail.50–60 GIMIC studies have shown that
the 18 pi [18]annulene pathway postulated for porphyrinoids is
an oversimplification and that all 26 pi-electrons are part of the
current pathway. The previous studies are here extended to ac-
count for cyclic multiring porphyrinoid systems.
The article is structured as follows. The computational meth-
ods and the corresponding optimized structures are presented in
Sections 2 and 3. The results of the current density and strength
calculations are analyzed and discussed in Section 4. The main
results are summarized in Section 5, where the conclusions are
drawn.
(a) (b)
Fig. 1 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of ZnP
(1). (b) Calculated net current strengths passing selected bonds are
given for ZnP (1). The current pathway is drawn in pink. Arrows are
drawn for absolute values of current strengths greater than 0.5 nA/T.
2 Computational Methods
The molecular structures were optimized at the density func-
tional theory (DFT) level using Becke’s three parameter functional
combined with the Lee-Yang-Parr exchange-correlation functional
(B3LYP)61,62 as implemented in TURBOMOLE Version 7.0 and
Version 7.1.63–65 The Karlsruhe triple-ζ basis set augmented with
polarization functions (def2-TZVP) and grid size m5 were used
for all atoms.66,67 The NMR shielding calculations were per-
formed at the DFT/B3LYP level of theory using a split-valence po-
larization basis set (def2-SVP)66,67 and the MPSHIFT module of
TURBOMOLE.68–70 The dispersion correction D3 was employed
in the structure optimization procedures.71 Substituents present
in the synthesized structures were omitted to save computational
time.
(a) (b)
Fig. 2 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of IP (2).
(b) Calculated net current strengths passing selected bonds are given
for IP (2). The current pathway is drawn in pink.
Current-density susceptibilities and current-strength suscep-
tibilities were calculated at the B3LYP/def2-SVP level with
GIMIC.36–39 We use the shorter terms current density and cur-
rent strength in the rest of the article. GIMIC is an independent
program that requires the atomic orbital density matrices and the
corresponding first-order magnetically perturbed density matri-
ces from the NMR shielding calculations. Gauge-including atomic
orbitals (GIAOs) are employed resulting in gauge-origin indepen-
dence of the current densities and a fast basis set convergence.36
The magnetic field was oriented perpendicularly to the molecular
plane. The direction of the magnetic field was chosen so that diat-
ropic ring currents circle in the clockwise direction and paratropic
ring currents in the anticlockwise direction. The current densities
were analyzed by calculating current pathways, which are deter-
mined by numerical integration of the magnetically induced cur-
rent densities yielding current strengths (in nA/T). Integration of
the current density was performed on a plane perpendicularly to
the molecular plane and parallel to the applied magnetic field.
The Figures were made using Jmol72 and GIMP.73 A positive
sign or an arrow in the clockwise direction indicates a net diat-
ropic current and negative signs or arrows in the anticlockwise di-
rection mark net paratropic current strengths. Arrows are usually
drawn for current pathways whose absolute value of the current
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strength is greater than 0.5 nA/T.
3 Molecular Structures and Nomenclature
To elucidate general trends regarding the aromaticity and cur-
rent pathways in multiporphyrinoid arrays, we constructed cyclic
dimers, trimers and tetramers of porphyrinoids. The number of
available valence electrons was adjusted by using ethyne and bu-
tadiyne bridges connecting the porphyrinoid rings. We use the
abbreviations ZnP for zinc(II) porphyrin and ZnIP for the zinc(II)
isoporphyrin cation. The Cartesian coordinates of all optimized
structures are given in the ESI†. The porphyrin framework of
the optimized structures is planar. The structure, magnetically in-
duced densities and the current pathway of the ZnP monomer are
shown in Fig. 1. The current strengths of ZnP serve as reference
for the oligomers. The optimized structure of free-base isopor-
phyrin (IP) is shown in Fig. 2. IP exhibits C–C bond lengths of
1.49 Å at the saturated meso carbon, which are in the expected re-
gion for single C–C bonds.74 The H-Cmeso-H bond angle is 103.1◦.
Thus, the sp3 hybridized meso carbon forms a slightly distorted
tetrahedron. The structural parameters of the ZnIP cation in Fig.
3 are very similar. The IP monomer and oligomers have one hy-
drogen atom inside each of the isoporphyrin rings. Hydrogen mi-
gration that has been studied extensively in free-base porphyri-
noids using experimental and theoretical methods75–86 is likely
to occur in free-base isoporphyrin as well. Therefore, we con-
sider only one constitutional isomer of the free-base isoporphyrin
oligomers in this work. The dimers are obtained by connecting
two porphyrin or isoporphyrin rings with two ethyne or butadiyne
linkers at the β positions. The ethyne-bridged ZnP dimer is shown
in Fig. 4. The ZnIP dimer possessing a net charge of +2 is dis-
played in Fig. 5 and the neutral IP dimer is shown in Fig. 6.
The current pathways of the neutral ZnP dimers with saturated
meso-carbon atoms (ZnPS) have also been studied. These com-
pounds form an intermediate between the ZnP and ZnIP dimers.
The ethyne-bridged ZnPS dimer is depicted in Fig. 7. Only the
ZnPS dimer is studied to maintain a closed-shell configuration,
because the neutral ZnPS monomer is an open-shell species. The
butadiyne-bridged ZnP trimer is shown in Fig. 8. The butadiyne
linkers of the ZnP and IP trimers and tetramers can be placed
at the β or meso position. The β -carbon linked ZnP tetramer
is shown in Fig. 9. The increasing structural distortion of the β -
carbon bridged compounds is seen in the figures. We have studied
only free-base butadiyne-bridged IP tetramers to avoid IP com-
pounds with high charges. The free-base β -carbon bridged IP
tetramer is shown in Fig. 10.
3.1 Hückel’s aromaticity rule
The aromaticity of annelated hydrocarbon rings can be under-
stood by employing Hückel’s aromaticity rule, even though the
rule was originally intended for planar annulenes and other
(a) (b)
Fig. 3 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of ZnIP
(3). (b) Calculated net current strengths passing selected bonds are
given for ZnIP (3). The current pathway is drawn in pink.
(a)
(b)
Fig. 4 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of a
ethyne-bridged ZnP dimer (5). (b) Calculated net current strengths
passing selected bonds are given for an ethyne-bridged ZnP dimer (5).
The current pathway is drawn in pink. A net paratropic current strength
is found along the linker.
molecules that can be approximated using the particle-in-a-ring
or particle-on-a-circular-disk models.32–35,87,88 Thus, the Hückel
rule of aromaticity is a symmetry property. Current density calcu-
lations have shown that Hückel’s rule can be used for understand-
ing aromatic properties of large ring-shaped hydrocarbons con-
sisting of several coupled and annelated rings.89 For molecules
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Fig. 5 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of the
dicationic ethyne-bridged ZnIP dimer (12). (b) Calculated net current
strengths passing selected bonds are given for the ethyne-bridged ZnIP
dimer (12). The current pathway is drawn in pink. The net current
strength through the linker is paratropic.
consisting of several annelated formally aromatic rings, the ac-
tual current flow determines the aromatic nature of the molecule.
When several current pathways are possible, the current pathway
is determined by the energetic stability of the local and global
aromaticity of the molecule. Thus, local aromaticity may be in
conflict with the global one and vice versa; the energetically most
favourable situation wins.
Current density calculations on porphyrins showed that the
aromatic properties are not properly described by the traditional
18 pi annulene model, because all its 26 pi- electrons contribute
to the aromatic pathway.42 The aromaticity of porphyrins and
annulenes have also been interpreted based on orbital contribu-
tions to the current density,90–92 even though electrons accord-
ing to quantum mechanics are indistinguishable. The Hückel rule
has been extended to nonplanar and twisted molecules.93,94 A
generalisation of the Hückel’s rule is used for understanding the
aromaticity of Möbius twisted molecules.40,41,93,95–100 However,
Hückel’s rule often fails to describe the aromaticity of molecules
consisting of annelated aromatic and antiaromatic rings.101,102
Explicit calculations of the current pathway are then needed for
understanding the aromatic pathway of complicated molecules
like tropiporphyrin.49
In this work, we compare the aromatic character of the por-
phyrinoid arrays obtained using Hückel’s rule with the ones de-
duced from calculated current densities. The individual ZnP and
ZnIP moieties have 26 pi-electrons and 24 pi-electrons, respec-
tively, whereas each ZnPS unit contributes with 25 pi-electrons.
The ethyne and butadiyne bridges contribute each with 2 pi- and
4 pi-electrons, respectively.
The porphyrinoid dimers consist of three annelated rings
namely the two porphyrinoids and the ring between them. The
external magnetic field can induce diatropic ring currents around
the porphyrins, which leads either to a paratropic ring current
in the middle ring or alternatively no current passes the bridge
between the porphyrins. The ring current of the porphyrinoids
can fork into a local ring current around the porphyrinoid and a
part of the current flow forms a global current around the whole
molecule. Another possibility is that the ring in the middle is
strongly aromatic and the porphyrinoids are nonaromatic, which
is unlikely, because the aromatic stabilisation energy of the por-
phyrinoids is then lost. The same approach can be used for un-
derstanding the aromatic character of the trimers and tetramers.
4 Results and Discussion
To visualize the motion of electrons in molecular systems in
the presence of an external magnetic field, streamline plots of
the magnetically induced current densities calculated in a plane
placed 1 bohr above the molecular plane and current pathways
obtained by numerical integration of the current densities pass-
ing chemical bonds or atoms are given in Fig. 1-10. The stream-
line plots allow for a qualitative understanding of current flows
and current strengths can be used to quantify the degree of aro-
maticity. A threshold criterion of 0.5 nA/T is applied to estab-
lish the pathways. The calculated chemical shifts are given in
the ESI†. Additional streamline representations and current path-
ways of discussed molecules are shown in the ESI†. The current
pathway of the aromatic ZnP (Fig. 1) serves as a reference to
all other molecules. Despite the interrupted pi-system, all isopor-
phyrin units sustain a non-negligible current strength through the
saturated meso-carbon atom. The dimers exhibit significant cur-
rent strengths passing the bonds of the linker. According to the
magnetic criterion for aromaticity, the ZnP and ZnIP dimers are
antiaromatic, whereas the ZnPS dimers are aromatic. The ZnP
trimer as well as the ZnP and IP tetramers widely maintain the
current pathways and current strengths of isolated porphyrinoids
without any significant global net current flow.
4.1 Free-Base Isoporphyrin and Zinc Isoporphyrin
Free-base isoporphyrin (2) is about 178 kJ/mol higher in en-
ergy than free-base porphyrin (1) at the employed computational
level. The streamline plot and the current pathway in Fig. 2 show
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no interruption of the current flow at the saturated meso-carbon
atom. A net diatropic current strength of 6.7-7.0 nA/T is found
to flow around the ring. This is consistent with the calculated
chemical shifts of 7-8 ppm for the protons at the β carbons. A
similar behavior has been observed for cyclopentadiene, which
has a current strength of 5.4-5.6 nA/T through the saturated
CH2 group,
103,104 which can be compared with the ring-current
strength of 11.8 nA/T for benzene at the same level of theory.104
Thus, free-base isoporphyrin is aromatic judged from the ring-
current criterion but it is not as aromatic as free-base porphyrin.
The current pathway of IP splits at each pyrrole ring into an
inner C-N and an outer all carbon route. The outer route is pre-
ferred with current strengths of 5.2-6.0 nA/T as compared to 1.2-
1.3 and 1.9-2.1 nA/T for the inner one. A local diatropic ring
current of 3.5-3.6 nA/T is sustained by the pyrrole ring with the
NH moiety.
For ZnIP (3), the current strength through the CH2 group of
10.1 nA/T is somewhat stronger than for free-base IP. A stream-
line plot of the current density and the current pathway are shown
in Fig. 3. The pathway splits at the pyrrolic units into a C-N route
and a strongly favored outer all carbon route. At the pyrrole ring
next to the CH2 group a current of 8.8 nA/T take the outer route
and 1.5-2.0 nA/T passes along the inner route. The Zn-N-C six-
membered ring containing the saturated meso carbon sustains a
weak local diatropic ring current of 0.7 nA/T. At the other pyr-
role unit only 0.3-0.5 nA/T passes through the inner Cα -N bond
and 9.3 nA/T through the Cβ -Cβ bond. ZnP does not have any
classically forbidden radial currents.
Even a free-base isoporphyrin with two saturated meso-carbon
atoms (4) shows a current strength of 11.0 nA/T through the CH2
moiety.
4.2 Zinc Porphyrin Dimers
Magnetically induced current densities and current pathways
were calculated for the ethyne- and butadiyne-bridged ZnP
dimers (5) and (6). The streamline representation of the cur-
rent densities and the current pathway of the ethyne-bridged ZnP
dimer are shown in Fig. 4. The chemical shifts of the outer hy-
drogen atoms are close to 10 ppm and the chemical shift of the
hydrogens inside the ring formed by the ethyne bridges and the
porphyrins is 15.5 ppm. A paratropic current flow reigns inside
that inner ring and a diatropic current flow is predominant out-
side it. Thus, the local diatropic current flow of the porphyrin and
the inner ring are in the same direction strongly deshielding the
inner hydrogens. However, the chemical shift does not indicate
whether a significant net current flow through the linker exists.
A net current strength of 28.3 nA/T is obtained in the common
bonds of the porphyrin and the inner ring. The current forks into
a current of 13.1 nA/T that passes via N and 15.2 nA/T continues
to the α carbon, where it splits into a current of 10.9 nA/T along
the Cα -Cα bond and a current of -4.0 nA/T that passes along the
ethyne bridge to the other porphyrin unit. The current across the
ethyne bridge is locally paratropic indicating antiaromaticity of
the inner ring. The current of 24.0 nA/T flowing around the por-
phyrin ring splits into an inner current of 9.2 nA/T and 14.4 nA/T
takes the outer route.
The current pathways and current strengths are almost the
same for the corresponding butadiyne-bridged ZnP dimer. The
current strength across the butadiyne linker is -3.3 nA/T as com-
pared to -4.0 nA/T for the ethyne bridge. The butadiyne-bridged
ZnP dimer has been synthesized by Tokuji et al. via a copper-
catalyzed coupling reaction.17 The number of pi-electrons per-
pendicularly to the molecular plane of the inner ring is 14 for
the ethyne-bridged system and 18 for the butadiyne-bridged one,
whereas the overall number of available pi-electrons is 56 and 60
for the two dimers, respectively.
We calculated the current strengths and current pathways for
ethene-bridged and thiophene-bridged ZnP dimers, (7) and (8).
Thiophene-bridged ZnP dimers and trimers have been synthe-
sized by Song et al.15,105 The net current strength across the
linker bridges of the ethene-bridged and thiophene-bridged ZnP
dimers is about 3.5-3.8 nA/T in the paratropic direction showing
that the current strength across the bridge is almost independent
of the chosen linker. The position where the linker is attached
to the porphyrin is not very important either as illustrated by
molecule (9). By attaching one of the butadiyne bridges to the
other β position forming an inner ring that consists of 20 carbon
atoms leads to a locally paratropic current of 1.9 nA/T across the
bridge. Thus, the overall number of pi-electrons is more important
for the global current strength than the number of pi-electrons
around the inner ring.
We also studied asymmetric porphyrin dimers consisting of two
different metal porphyrins. The current strengths along the linker
of the ethyne- and butadiyne-bridged heterometallated dimers
MgP-ZnP (10) and (11) are 4.1 and 3.1 nA/T in the paratropic
direction, which are practically the same current strengths that
we obtained for the corresponding ZnP dimers.
4.3 Free-Base and Zinc Isoporphyrin Dimers
The current densities and current strengths of ethyne-bridged
dimers of ZnIP (12) and IP (13) were calculated. A streamline
representation of the current density and the current pathway
are illustrated in Fig. 5. The current pathway is not interrupted
at the saturated meso-carbon atom, but a current strength of 9.9
nA/T passes the CH2 moiety. In the ZnIP dimer, the outer protons
are deshielded having chemical shifts of 7-8 ppm. The current
flow splits at the pyrrole ring into an inner and outer route with
current strengths of 3.2 nA/T and 7.3 nA/T, respectively. A local
diatropic ring current of 1.1 nA/T flows around the Zn-N-C six-
membered ring. The current along the outer route splits into a
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Fig. 6 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of a
ethyne-bridged IP dimer (13). (b) Calculated net current strengths
passing selected bonds are given for an ethyne-bridged IP dimer (13).
The current pathway is drawn in pink. A net paratropic current strength
is found at the linker.
current of 4.8 nA/T that passes the ethyne bridge in the parat-
ropic direction and a current of 2.2 nA/T that continues around
the isoporphyrin ring. The current passing the ethyne bridge is
stronger than for the ZnP dimer and the ring current of the iso-
porphyrin ring is weaker. A ring current of 4.3 nA/T is sustained
by the isoporphyrin ring. The two pyrrole rings without ethyne
bridges sustain a local diatropic ring current of 2.7-2.9 nA/T.
For the ethyne-bridged IP dimer in Fig. 6, the strength of the
current passing the linker is 5.9 nA/T in the paratropic direc-
tion, which is 1.1 nA/T stronger than for the ethyne-bridged ZnIP
dimer. The global ring current around the IP rings is only 0.7
nA/T, whereas the pyrrole rings without the ethyne bridge sus-
tain local ring currents of 3.9-4.1 nA/T and 6.8 nA/T, respectively.
The strength of the current passing the CH2 moiety is 6.6 nA/T,
which splits into an outer and inner branch of 4.0 nA/T and 3.0
nA/T, respectively. The current along the outer route continues
across the ethyne bridge, whereas the current in the inner branch
splits into a small porphyrinoid ring current of 0.7 nA/T and the
rest of 2.3 nA/T flows towards the ethyne bridge.
The IP rings are nonaromatic with two aromatic pyrrolic rings.
The pyrrole ring with an inner hydrogen sustains a stronger local
ring current than the one without the inner hydrogen. The inner
(a)
(b)
Fig. 7 (a) Streamline plot of the calculated magnetically induced
current density calculated 1 bohr above the molecular plane of the
neutral ethyne-bridged ZnPS dimer with saturated meso carbons (14).
(b) Calculated net current strengths passing selected bonds are given
for the neutral ethyne-bridged ZnPS dimer with saturated meso carbons
(14). The current pathway is drawn in pink. A strong net diatropic
current strength passes the linker bridge.
ring between the two IP moieties is weakly antiaromatic sustain-
ing a paratropic ring current of 5.9 nA/T that flows on both sides
of the pyrrolic rings at the ethyne linker bridge. The number of
available pi-electrons is 52.
4.4 Zinc Porphyrin Dimers with Saturated Meso Carbons
Intermediates between the ZnP and ZnIP dimers having (4n+ 2)
pi-electrons might be aromatic. Neutral ethyne- and butadiyne-
bridged ZnPS dimers (14) and (15) are obtained by saturating
the meso carbon of the ZnP dimers (5) and (6) by adding hy-
drogens. The obtained neutral ZnPS dimers have 54 and 58 pi-
electrons, respectively. A streamline plot of the current density
and the current pathway of (14) are shown in Fig. 7.
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Fig. 8 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of
butadiyne-bridged ZnP trimer (16). (b) Calculated net current strengths
passing selected bonds are given for a butadiyne-bridged ZnP trimer
(16). The current pathway is drawn in pink. The current pathway is cut at
the linker. Due to the very small current strength at the linker, a global
net current pathway is avoided. The porphyrin rings maintain a strong
net diatropic current strength and the current strengths of the
corresponding bonds are similar to the isolated monomer.
The calculations show that a strong net diatropic current
strength of 21.0 nA/T passes the linker bridge and continues
around the ZnIP moieties. Thus, a strong current arises when
the number of electrons fulfills Hückels (4n+ 2) rule. The pyr-
role rings next to the bridge sustain a local diatropic ring current
of 5.4 nA/T. The Zn-N-C six-membered ring sustains a weak lo-
cal ring current of 1.5 nA/T. A weak current of 2.4 nA/T passes
the saturated CH2 moiety. The global ring current around the
porphyrinoid is 19.2 nA/T, which splits at the pyrrole rings into
6.3-6.4 nA/T along the inner C-N bonds and 13.0 nA/T in the
outer route.
The current pattern of the corresponding butadiyne-bridged
ZnPS dimer is similar. The current strength across the butadiyne
linker bridges is 19.8 nA/T or only 1.2 nA/T weaker than for the
ethyne-bridged one. The global ring current around the porphyri-
noids is 18.5 nA/T and 2.2 nA/T pass the saturated CH2 group.
4.5 Zinc Porphyrin Trimers
A butadiyne-bridged ZnP trimer with aryl groups in meso position
has been prepared and characterized by Tokuji et al.17 We have
calculated the current density of an unsubstituted ZnP trimer (16)
to lower computational costs. The omitted aryl groups lead to 0.6-
0.8 ppm higher chemical shifts of the β protons due to the missing
mesomeric effect (-M), which also lowers the current strength,
since electron density is pulled out of the porphyrin ring.48
A streamline representation of the current density and the cur-
rent pathway of (16) are shown in Fig. 8. A weak net parat-
ropic current strength of 0.4 nA/T passes the butadiyne linker.
Thus, the inner ring formed by the porphyrins and the butadiyne
bridges is nonaromatic. The current strength of the porphyrin
moieties of 25.2 nA/T is close to the ring-current strength of 26.6
nA/T obtained for the isolated ZnP monomer. The current path-
ways of the individual ZnP moieties are very similar to the ones
for the ZnP molecule. But the linker slightly increases the re-
sistance leading to a larger current strength of 11.1-11.3 nA/T
along the inner route as compared to 10.3-10.4 nA/T for the
two other pyrrole rings of the ZnP moieties. The molecule has
90 pi-electrons perpendicularly to the molecular plane fulfilling
Hückel’s rule for aromaticity. However, global aromaticity would
also weaken the aromaticity of the individual ZnP rings. The con-
flict leads to a globally nonaromatic ZnP trimer with strongly aro-
matic ZnP units.
Similar calculations on the conjugated ZnP trimers show that
neither the corresponding ethyne-bridged ZnP trimer (17) nor
the ethyne-bridged ZnP trimer with bridges in different β posi-
tions (18) nor the ZnP trimer with two ethyne bridges in β po-
sitions and one butadiyne bridge in meso position (19) sustain a
strong current strength at the linkers. The corresponding current
strengths are 1.1 nA/T, 0.1 nA/T and -0.1 nA/T, respectively.
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Fig. 9 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of a
butadiyne-bridged ZnP tetramer (20). (b) Calculated net current
strengths passing selected bonds are given for a butadiyne-bridged ZnP
tetramer (20). The current pathway is drawn in pink. No net current flow
is observed at the bridge.
4.6 Zinc Porphyrin Tetramers
A butadiyne-bridged ZnP tetramer (20) with 120 pi-electrons has
also been studied. A streamline plot of the current density and the
current pathway are shown in Fig. 9. The net current strength
passing the butadiyne bridges is only -0.2 nA/T. The current
strengths in the porphyrin bond are very similar to the ones of the
ZnP trimer and the isolated ZnP molecule. The ZnP rings sustain
a net diatropic ring-current strength of 25.4 nA/T as compared to
26.6 nA/T for ZnP.
The current strength through the linker bridges of an ethyne-
bridged ZnP tetramer (21) is 0.5 nA/T and the one for an
all meso-to-meso butadiyne-bridged ZnP tetramer (22) is 0.9
nA/T. The inner ring in the three ZnP tetramers is nonaromatic,
whereas the ZnP moieties remain as aromatic as independent ZnP
molecules. The ZnP tetramers do not sustain any global ring-
current.
4.7 Free-Base Isoporphyrin Tetramers
The β -to-β butadiyne-bridged IP tetramers (23) and meso-to-
meso butadiyne-bridged IP tetramers have been studied. The
corresponding ZnIP compounds have not been considered be-
cause they have a net charge of +4 as each ZnP moiety has a
charge of +1. A streamline representation of the current den-
sity and the calculated current pathway are shown in Fig. 10.
A current strength of 0.2 nA/T passing the butadiyne bridges is
very small. The IP rings of the tetramer behave like the isolated
monomer maintaining a current strength of 6.3 nA/T through the
CH2 group. The other current strengths are also similar to the
ones obtained for a single IP molecule. The current strength of the
bridge is also independent of the connecting position, as the cur-
rent strength across the bridges of the meso-to-meso butadiyne-
bridged IP tetramer (24) vanishes.
4.8 Zinc Porphyrin Tetramer with a Saturated Meso Carbon
The current strengths and pathways have been calculated for a
butadiyne bridged ZnPS tetramer with 116 pi electrons. The
molecular structure and the strengths of the current pathways are
shown in the ESI. The tetramer with 4n pi electrons is weakly an-
tiaromatic sustaining a global paratropic ring current of 5.7 nA/T.
The aromaticity of the individual ZnPS units is destroyed by the
saturated CH2 moiety in the meso position making a global para-
tropic ring current feasible. A very weak paratropic ring current
flows along the outer edge of the four ZnPS units and the indi-
vidual pyrrole rings sustain diatropic ring currents of 6-7 nA/T,
which is about half the ring-current strength of pyrrole.103 The
main part of the global paratropic ring current takes the inner-
most route at the ZnPS units, which also destroys the aromaticity
of the corresponding pyrrole ring.
5 Summary and Conclusion
Magnetically induced current densities have been calculated and
analyzed for a number of cyclic porphyrin and isoporphyrin arrays
by performing calculations at the DFT/B3LYP level using TUR-
8 | 1–12Journal Name, [year], [vol.],
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Fig. 10 (a) Streamline plot of the calculated magnetically induced
current densities calculated 1 bohr above the molecular plane of a
butadiyne-bridged IP tetramer (23). (b) Calculated net current strengths
passing selected bonds are given for a butadiyne-bridged IP tetramer
(23). The current pathway is drawn in pink. No global net current flow
exists.
BOMOLE and the gauge-including magnetically induced current
(GIMIC) method. The small deviations from Kirchoff’s law are
due to the use of a comparably small basis set (def2-SVP) and
due to inaccuracies in the numerical integration. The studied
free-base and zinc isoporphyrin monomers possess net diatropic
current strengths of 6.7 and 10.1 nA/T, respectively, as compared
with the corresponding porphyrins that sustain a current strength
of 27.242 and 26.6 nA/T. Despite the interrupted conjugated sys-
tem, isoporphyrins are at least to some extent aromatic according
to the ring-current criterion. All available pi-electrons participate
in the ring current that splits at the pyrrole rings into an inner and
an outer route. The outer pathway is the preferred one sustaining
about 80% of the global ring current of ZnIP. IP and ZnIP sustain
local ring currents in the pyrrole ring with an inner hydrogen and
in the Zn-N-C six-membered ring, respectively.
The porphyrin and isoporphyrin dimers sustain net paratropic
ring currents of 1.9-5.9 nA/T passing the ethyne or the butadiyne
bridges. Thus, the inner ring formed by the porphyrinoids and
the linker bridges can be considered weakly antiaromatic. The
greater current strength of the isoporphyrin systems is due to
the weaker ring current of the isoporphyrin rings as compared
to the porphyrin ones. Inside the inner ring reigns a paratropic
current, while a weaker diatropic current flows outside the ring.
The current pathway of zinc(II) isoporphyrin is more complex
due to radial current pathways involving zinc. Intermediate neu-
tral zinc porphyrinoid compounds containing a saturated meso-
carbon group possess a strong net diatropic current strength of
19.8-21.0 nA/T. Hence, the compounds are aromatic. Due to the
saturated meso carbons, the ring current flows around the outer
edge of the whole molecule involving all pi-electrons. The strong
ring current are in line with Hückels (4n+2) aromaticity rule tak-
ing all pi-electrons into account.
According to Hückel’s rule, a diatropic global ring current is
expected for the porphyrinoid trimer, whereas the tetramers with
4n pi electrons should sustain a global paratropic ring current. In
fact, for none of the larger porphyrin and isoporphyrin arrays, a
significant ring current passes the linker. Instead, the porphyri-
noid monomers sustain strong local diatropic ring currents that
are very similar to the ones for the corresponding monomers, in-
dicating a competition between the aromaticity of the individual
porphyrinoids and the aromaticity of the whole molecule.
None of the trimers sustains a significant current strength at
the linker bridge, even though the butadiyne-bridged zinc(II)
porphyrin trimer with 90 pi-electrons fulfills Hückel’s aromatic-
ity rule. The studied porphyrin and isoporphyrin tetramers con-
tain 4n pi-electrons. Hence, the molecules sustain the diatropic
ring currents around the individual porphyrinoid rings. The cur-
rent strengths are very similar to the ones of the corresponding
monomers. The trimers and tetramers do not sustain any global
ring current due to the competition between the aromaticity of
the individual porphyrinoids and the whole system. The satu-
rated meso carbons of the studied ZnPS tetramer largely stop the
current flow along the outer edge of the ZnPS units. The ZnPS
Journal Name, [year], [vol.],1–12 | 9
tetramer with 4n pi electrons is weakly antiaromatic sustaining a
global paratropic ring current of 5.7 nA/T that passes only the
innermost pyrrolic moiety of the ZnPS units.
Overall, current density calculations turned out to be a use-
ful tool for quantifying the aromatic properties of porphyrin
oligomers from current pathways as well as from current
strengths passing selected chemical bonds. Like chemical shield-
ings, these quantities are available from the calculated magnetic
response, but they are much more directly related to aromaticity
and thus provide respective information with much higher relia-
bility.
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